Abstract
Implications and Contribution summary
Risks for many NCDs arise in adolescence yet these have not been quantified.
We show that the proportion of adult smoking that would be prevented if initiation was prevented during adolescence ranges from 50-72% across countries.
Tobacco control initiatives should be rebalanced to include a greater focus on adolescent initiation and early smoking cessation. One reason for this limited focus on adolescence is a lack of clarity over the preventive potential of adolescent interventions. While most smokers begin in adolescence, some are only transient smokers, many quit across early adulthood and there are temporal trends in adolescent and adult smoking rates and in adult quitting. While there is a large literature supporting the importance of prevention in adolescence, (6) it has been difficult to quantitate the preventive potential of intervention in adolescence.
We propose a method of estimating the adolescent contribution to adult burden through calculation of the population attributable fraction (PAF) of adolescent exposures for later burden. The PAF is the proportional reduction in population levels of a disease or mortality that would occur if exposure to the risk factor in question were reduced to an ideal alternative, usually nil.(1, 7) PAFs may be calculated for a behavioral exposure and a second behavioral outcome. (8, 9) Here we define a behaviour initiated in adolescence as the 'exposure' and calculate the PAF of the adult disorder/behaviour related to adolescent initiation of the behaviour, which can be conceptualized as an Adolescent Attributable Fraction (AAF).
Here we use tobacco, the key priority for global action on NCDs, (4) to illustrate estimation and use of AAFs. We use adult smoking prevalence as a proxy for smoking related burden, given its identification as the most important global target for tobacco control.(10) Our aim was to identify the proportion of global tobacco burden that might be prevented through intervention in adolescence. We used data from longitudinal cohorts from high and middle income countries to estimate AAFs for adult smoking with varying ages of initiation and heavy as well as regular smokers. We then used these data to estimate contemporary AAFs for adult smoking for 19 LMIC using data from the Global Adult Tobacco Survey (GATS) from 2008-2012 and for 155 LMIC using recent data from the Global Youth Tobacco Survey (GYTS), and to model the impact on AAFs of temporal trends in adolescent and adult smoking rates and of reducing adult smoking to more pragmatic scenarios such as the 5% target identified by the Lancet NCD Group(5).
METHODS
Three sets of analysis were undertaken. We first used data from four national or regional longitudinal cohorts which provided data on age of initiation of smoking from adolescent waves and data on adult smoking beyond age 25 years.
The British National Childhood Development Study (NCDS)(11) is a nationally representative birth cohort which followed all UK children born in 1 week in 1958 (n=17,638) and followed them up frequently till age 50 years (2008).
The U.S. National Longitudinal Study of Adolescent to Adult Health (Add Health)(12) is a nationally representative longitudinal cohort which recruited young people in grades [7] [8] [9] [10] [11] [12] (secondary school) during 1994-95 (wave 1) and followed them up most recently in 2007-08 (age 24-34 years, wave 4).
The 1982 Pelotas birth cohort study enrolled all children born in a medium-size city in southern Brazil in 1982 (n=5914) and followed them to age 30 years (2012-13), with selfreport data on smoking habits provided at ages 18, 22-23 and 30 years. The Pelotas cohort is unique amongst LMIC in its breadth, low attrition rate and length of follow-up into adult life. (13) The Victorian Adolescent Health Cohort Study (VAHCS)(14) is a cohort study that recruited nearly 2000 adolescents aged 14-16 years in Victoria, Australia, in 1992. Participants were followed up in 6 waves during adolescence (14-20 years) and 4 waves in young adulthood, with wave 10 in 2013 at a mean age of 35 years (33 to 40 years). For further details on cohorts see Appendix.
In each cohort, we used data on smoking from adolescent waves together with retrospective reporting of age of initiation from adult waves to assign individuals to an age of initiation of We first calculated unadjusted AAFs according to the standard Levin's formula for PAF:
where Pe is the proportion of the population exposed to the risk factor and RR is the relative risk,(15) using the cs (provides cohort study tables) command in Stata 13. We then calculated AAFs adjusted for socioeconomic status and sex(15) using the punaf command (calculates PAFs), (16) after running a logistic regression model with adult smoking as the dependent variable and adolescent smoking, sex and socioeconomic status as predictor variables. Analyses were reported separately by sex where significant differences in AAFs were found between males and females.
The cohorts provide the necessary longitudinal data to calculate the strength of association between adolescent smoking initiation and current adult smoking, allowing for quitting and relapse. We therefore used findings from the cohorts to estimate AAFs for subsequent analyses including a much wider range of countries for which there are cross-sectional data on either the current prevalence of smoking in adolescence (Pe) or the proportion of current smokers who initiated in adolescence (Pd).
The second analyses estimated AAFs for adult smoking using GATS data collected from 2008 -2012 across 19 LMIC: Bangladesh, India, Indonesia, Thailand, China, Malaysia, Philippines, Viet Nam, Nigeria, Egypt, Poland, Romania, Russian Federation, Turkey, Ukraine, Argentina, Brazil , Mexico and Uruguay. GATS is a cross-sectional household-based survey designed to obtain nationally representative data in low-income and middle-income countries for the tobacco use behaviours of individuals aged 15 years and older (see Appendix). GATS included questions on age smokers began smoking daily and allowed us to calculate a PAF as a function of exposed cases (Pd), here the proportion of adult smokers who initiated in adolescence: (17) 
PAF = Pd ((RR-1)/RR)
To estimate AAFs for each GATS country, we first calculated the proportion of smokers who initiated regular daily smoking < age 20 years. We used the most contemporary cohort in whom adult smoking had stabilized (2) i.e. 25-34 years. As the cross-sectional GATS data did not allow calculation of RR, we used the range of RR identified from our longitudinal analyses to estimate AAFs. Use of alternative RR from source cohorts is common where exposure prevalence but not RR are known in target populations. (18) Thirdly we obtained data on current adolescent smoking prevalence from the Global Health Observatory of the World Health Organization. Available data were current smoking (any tobacco use in last 30 days) in 13-15 year olds in 155 countries, predominantly data from the GYTS undertaken in 151 LMIC(19) (see Appendix). GYTS therefore provide an estimate of current adolescent smoking <16 years as the exposure (Pe) allowing us to use Levin's formula to estimate AAFs for the range of realistic RR.
Finally, we repeated examined the effect on the calculated AAFs of choosing counter-factual scenarios of reducing adult smoking prevalence to 5% through to 15%.
RESULTS
Data on smoking adulthood by smoking status in adolescence (10-19 years) are shown for each cohort (the NCDS at 50 years and persistent adult smoking, Add Health, VACHS and Pelotas cohorts) in Table 1 . For each cohort, the Table shows the proportion of adult smokers who initiated regular smoking in adolescence <20 years together with the associated risk ratio (RR) for being an adult smoker related to adolescent smoking, the adolescent attributable fraction (AAF) for adult smoking, and the adjusted AAF (adjusted for socioeconomic status and sex). Data for the Pelotas cohort differed notably by sex and are reported for males and females separately. Data relating to adult smoking and adolescent initiation at either ≤16 years or 17-19 years are shown in Table 2 and data for the NCDS at ages 33 and 42 years are shown in Appendix Table A1 .
In the NCDS, the proportion of adult smokers who initiated in adolescence rose from 75% at age 33 to 82% at 50 years, with consequent rises in the RR and therefore the AAFs, which peaked at 69% at age 50 years. The AAF for persistent smoking was highly similar to those for 42 and 50 years. AAFs were uniformly higher for initiation of smoking ≤16 years than for initiation 17-19 years. In Add Health at 24-34 years, the RR and thus the adjusted AAF were higher than those seen in the NCDS at 33 years. In VACHS at 33 to 40 years, while the proportion of smokers who initiated <20 years was similar to other cohorts, a lower RR resulted in the lowest AAF across all cohorts. In the Pelotas cohort, the proportion of smokers who initiated <20 years was lower amongst men but higher amongst women than other cohorts. AAF estimates were lower amongst Pelotas men than in Add Health and the NCDS in early adulthood but similar amongst Pelotas women. Table 3 shows associations between adolescent initiation of smoking (10-19 years) and adult heavy daily smoking in each cohort (data are shown for NCDS at 50 years and only for Pelotas males due to low numbers amongst females). The cohorts provide the necessary longitudinal data to calculate the strength of association between adolescent smoking initiation and current adult smoking, allowing for quitting and relapse. The RR across the cohorts ranged from 3.7 (in VAHCS) to 11.4 (heavy smokers in Add Health), with the commonest RR being between 6 & 8. We used these RR to estimate AAFs for subsequent analyses including a much wider range of countries for which there are cross-sectional data on either the current prevalence of smoking in adolescence (Pe) or the proportion of current smokers who initiated in adolescence (Pd). The prevalence of smoking amongst males ranged from 3 to 66% (median 20.9%), resulting in AAFs for RR=8 from 15.9 to 82.2% (median 59.4%). For young women, current smoking ranged from 1.5 to 54.1% (median 13.2%) resulting in AAFs for RR=8 from 9.5 to 79.1% (median 48.0%). See Appendix for detailed data by country (Table A4) 
DISCUSSION
The contribution of adolescence to adult smoking burden is high, with 50-72% of adult smoking related to adolescent initiation in the longitudinal cohorts studied here. Initiation in young people ≤16 years was more strongly associated with adult smoking burden than initiation later in adolescence. We found effects to be similar across older and more contemporary cohorts in high and middle income countries. Our findings in these cohorts took into account recent secular trends towards fewer adolescents ever smoking and higher quitting rates amongst adults. The contribution of adolescence increased rather than diminished with cohort ageing (in the NCDS), and was greatest for heavy smokers, who were more likely to initiate in adolescence and less likely to quit. The global adolescent contribution to adult smoking will rise with continuing trends towards earlier age of initiation across most LMIC. The mean age of smoking initiation amongst men has now fallen into the teens in all GATS countries with the exception of China, with younger cohorts in all countries showing ever-younger age of initiation and similar trends amongst young women.(2) The contribution of adolescence will be greatest where most smokers persist long-term in smoking after initiation, due to either high levels of nicotine dependence due to high consumption, a lack of public health focus on quitting or low availability of quitting programmes, resulting in a high RR between adolescent and adult smoking. While we were unable to identify other LMIC cohorts with longitudinal data to include in analyses, a recent global survey identified that long-term persistent smoking after initiation varied from 27% in Nigeria to 75% in India and 84% in China (20) and other studies have reported very low quit rates in China and India,(2) suggesting the RR between adolescent and adult smoking in these countries is likely to be high. Associations between adolescent and adult smoking are also likely to be high where high average doses of tobacco promote dependence. Countries with high consumption levels (≥20 cigarettes per day per smoker) and a high adult smoking prevalence include China, Greece, Ireland, Italy, Japan, Kuwait, Korea, the Philippines, Uruguay, Switzerland, and many Eastern European countries. (21) Together with data from the GYTS shown above, and evidence that adolescent smoking prevalence is rising in many low and middle income countries,(22) these data suggest that the adolescent contribution to adult smoking for many LMIC is likely to be similar to that shown in our cohorts.
The concepts presented here have implications beyond that of tobacco control. Similar AAFs could be calculated for other NCD risk factors that are largely initiated or modified in adolescence, in particular, alcohol use, physical inactivity and obesity. Understanding the contribution of adolescence to later burden of disease would allow the formulation of NCD strategies that included prevention in adolescence, particularly timely given that today's adolescents will begin to encounter NCD-related premature mortality soon after 2025. While the elimination of smoking remains the ultimate goal, we showed that the potential benefits of adolescent prevention remain high in scenarios where the prevalence of adult smoking is reduced from its current 31% global prevalence to the 5% target identified by the Lancet NCD Group(5) or in a more pragmatic 10-15% target.
It is possible that greater preventive efforts in adolescence may simply shift smoking initiation later. However, this is unlikely given that contemporary cohorts are initiating earlier in adolescence and evidence that that puberty and adolescent brain development make adolescence a critical window for initiation of risk behaviours.(34) Equally, our AAFs may be under-estimates, as the small numbers who currently initiate regular smoking after adolescence may also be positively influenced by prevention strategies encountered in adolescence. Further, an increased focus on prevention of smoking initiation in adolescence may have benefits for other risk behaviours, given evidence that correlations between health behaviours is very strong in this age group and that interventions may prevent more than one risk behaviour.(35)
Strengths and limitations
Our main findings were based upon 4 large longitudinal cohort studies, 2 nationally representative and two regional cohorts including one from a middle income country, each with smoking prevalence similar to national populations.(15) We used two risk-based (36) alternative equations for PAF estimation and then calculated adjusted AAFs using wellaccepted methods for cohort studies. (16) There is a strong causal dependence of the outcome (adult smoking) on the exposure (adolescent smoking initiation), and thus our calculation of the AAF is likely to represent a true aetiological fraction(36) and our scenario satisfies the assumptions necessary to estimate valid and meaningful PAFs.(37) We adjusted analyses for socioeconomic status and sex, although socioeconomic measures differed between cohorts. While our measures of smoking were all self-report, the prevalence of adult smoking in each cohort was highly similar to recent national data.
We applied the RR identified from our longitudinal cohorts to estimate AAFs from >155 LMIC using contemporary real-world data. While GYTS data on 13-15 year olds underestimates the totality of adolescent smoking, and secular trends mean that GATS data on proportions initiating in adolescence are now likely underestimates, the AAFs identified from this modelling were similar to those identified from the cohort studies.
Retrospective recall of age of initiation of smoking is open to forward telescoping, where initiation is recalled as more recent as cohorts age. (38) The direction of this bias would be to reduce the proportion initiating within adolescence, thus underestimating AAFs. We minimised this bias by including contemporary data from within adolescence in each cohort.
The GATS analyses, where retrospective reporting was used, are more open to this bias.
Adult smoking prevalence is an imperfect proxy for disease burden relating to tobacco, yet we believe it is the most appropriate outcome to study given that tobacco burden is very largely driven by the numbers of adult smokers. We recognise that the cohorts we used derive from different regions and different historical periods, and were followed up at differing ages. While the broad similarity of findings across cohorts is reassuring, and we were able to assess aging effects in the NCDS, we were not able to disentangle effects of historical period and aging.
Conclusions
We demonstrate an innovative method for quantifying the contribution of adolescence to the life course burden of tobacco use, the key global NCD risk factor. Our findings indicate that actions are needed that target future as well as current smokers, particularly in LMIC.
Given that many of the top ten risk factors for global burden of disease are initiated in adolescence, the high level of tracking of behaviours into adult life and the very strong associations between health risks in adolescence, (39) transformational health system responses to end premature mortality from NCDs must include a greater focus in adolescence. (40) Table then shows the proportion of adult smokers at that age who initiated regular smoking in adolescence, the risk ratio (RR) for being an adult smoker related to adolescence smoking, the adolescent attributable fraction (AAF) for adult smoking, and the adjusted AAF (adjusted for socioeconomic status in adolescence and adulthood and sex). Table shows proportions of regular (daily cigarette smoking) smokers by smoking status in adolescence (whether initiated being a regular smoker who initiated ≤16 years or initiated 17-19 years). For each initiation period, the table then shows the proportion of adult smokers at that age who initiated regular smoking in adolescence, the risk ratio (RR) for being an adult smoker related to adolescence smoking, the adolescent attributable fraction (AAF) for adult smoking. Table shows proportions of heavy smoking in adulthood by smoking status in adolescence (whether initiated being a regular smoker any time in adolescence (10-19 years). The Table then shows the proportion of heavy smokers at that age who initiated regular smoking in adolescence, the risk ratio (RR) for being an adult smoker related to adolescence smoking, the adolescent attributable fraction (AAF) for adult smoking, and the adjusted AAF (adjusted for socioeconomic status in adolescence and adulthood and sex). 
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